Substituted furans, including furanic ethers, derived from nonedible biomass have been proposed as second-generation biofuels. In order to use these molecules as fuels it is important to understand how they break apart thermally. In this work a series of experiments were conducted to study the unimolecular and low-pressure bimolecular decomposition mechanisms of the smallest furanic ether, 2-methoxyfuran. eV) photoionization mass spectrometry (PIMS), tunable synchrotron VUV PIMS and matrix infrared absorption spectroscopy. Secondary products resulting from H or CH 3 addition to the parent, and reaction with 2-furanyloxy were also observed and include CH 2 =CH-CHO, CH 3 -CH=CH-CHO, CH 3 -CO-CH=CH 2 and furanones; at the conditions in the reactor we estimate these reactions contribute to at most 1-3% of total methoxyfuran decomposition. This work also includes observation and characterization of an allylic lactone radical, 2-furanyloxy (O-C 4 H 3 O), with the assignment of several intense vibrational bands in an Ar matrix, an estimate of the ionization threshold and photoionization efficiency. A pressure-dependent kinetic mechanism is also developed to model the decomposition behavior of methoxyfuran and provide pathways for the minor bimolecular reaction channels that are observed experimentally.
Introduction
Alkylated furans and furanic ethers are among a variety of molecules derived from non-edible biomass that offer a renewable path to biofuels and platform chemicals. Reviews by Haro et al. discuss potential routes for biochemical refineries, while Lange, Dutta, Van Putten and colleagues focus on the platform chemicals furfural and hydroxymethylfurfural as gateway molecules to a variety of potential biofuels. 1 Despite the recent interest in these oxygenated species, the combustion and pyrolytic behavior of many of them are not well-known; an objective of this work is to remedy this deficit in regards to the title compound, the simplest furanic ether.
Methoxyfuran was included in a study of several aromatic compounds relevant to coal-combustion by Bruinsma et al. 2 In this study they measured the disappearance of methoxyfuran as a function of Scheme 1: The chemical structure of 2-methoxyfuran (2-MeOF) and the numbering scheme used throughout the text temperature in a coiled quartz flow reactor operated at 0.125 MPa (938 Torr), a residence time of 5 s and a sample concentration of at most 500 ppm (0.05%) in argon. The primary products detected by gas chromatography at 10% conversion included CO, CO 2 and trace amounts of other species.
The authors noted that this molecule was "abnormally reactive" compared to other substituted heterocycles; the observed onset for decomposition was about 300 K lower than for other molecules included in the study. A recent quantum chemical study 3 showed that this was an accurate finding, and that the abnormal reactivity was largely due to the very weak bond between the methyl group and the O-atom, which at 190 kJ mol −1 (45 kcal mol −1 ) is one of the weakest known C−O bonds 4 and is about 200 kJ mol −1 weaker than the ring C−H bonds in 2-methoxyfuran. Together with computed rate constants for methyl attack on the parent compound, a simplistic mechanism was able to re-interpret the original experiments in a satisfactory manner; however, the absence of detail beyond the decrease in reactant concentration as a function of temperature was a hindrance in understanding the behavior of this interesting system. Except for these initial experiments of this reactive molecule, it appears no additional pyrolysis or combustion studies have been performed.
The computational study of Simmie et al. 3 predicts that the dominant pathway for thermal decomposition is loss of CH 3 to produce the allylic lactone, 2-furanyloxy radical (γ-butryolactonyl radical, m/z 83), as shown in Scheme 2. The structure and thermochemical properties of 2-methoxyfuran and the radicals formed by loss of hydrogen atoms have also been examined computationally by Hudzik and Bozzelli. 5 To date there is no experimental evidence for the 2-furanyloxy radical, however the structure and stability of this allylic lactone have been discussed in several computational studies. The 2-furanyloxy radical is predicted to be an intermediate in the oxidation of 2-furanyl radical 6 and Scheme 2: Primary unimolecular decomposition pathway of 2-methoxyfuran, including the lowest calculated reaction barriers. 3 also a minor, high-energy channel intermediate in the oxidation of phenyl radical. 7 Prior to these studies, Yamamoto et al. 8 calculated the cyclization of the formyl ketenyl radical (4-oxo-but-3-enal-2-yl) in Scheme 2 to 2-furanyloxy.
This work documents a series of experiments using a silicon carbide (SiC) microreactor to identify the products from the unimolecular and low-pressure bimolecular decomposition mechanisms of the simplest furanic ether, 2-methoxyfuran. Also included is the first experimental characterization of 2-furanyloxy radical by assignment of several infrared vibrational bands in an Ar matrix, in addition to the ionization threshold and photoionization efficiency. These assignments are supported by calculations of the harmonic vibrational frequencies and ion properties. The microreactor offers a short residence time (100 µs) coupled with the sensitive diagnostics photoionization mass spectrometry (PIMS) and matrix isolation infrared absorption spectroscopy. 9 The short residence time allows for rapid heating and identification of the first pyrolysis products, eliminating most, if not all, secondary reactions. Since the only pyrolysis experiments of methoxyfuran 2 were recorded at long reaction time scales, no detection of the organic radicals or other reactive intermediates were possible; the use of the microreactor in the present study enables identification of these elementary reaction steps. 4 
Experimental Methods

Microreactor and Sample Preparation
The microreactor consists of a resistively heated silicon carbide (SiC) tube, 2.5−3.8 cm in length, 0.66−1 mm i.d. and 2 mm o.d. The heated length is about half to two-thirds the full length of the reactor, with the temperature of the outer wall measured by a tungsten/rhenium Type C or a chromel-alumel Type K thermocouple. 10 The maximum operable temperature of the microreactor is about 1700 K, but due to the reactive nature of methoxyfuran, the temperature range was limited to 300−1300 K to allow detection of reactive intermediates.
The flow through the reactor was controlled with either a pulsed valve (Parker General Valve, series 9) or a mass flow controller (MKS P4B 0-200 sccm N 2 ). A brief summary of the fluid dynamics within the continuous flow reactor is presented in the Reactor Modeling section, with a more detailed description available in Guan et al. 9 The downstream pressure for all reactor assemblies is maintained at approximately 1−10 µTorr. The total backing pressure to the pulsed valve is about 1500 Torr for He PIMS and 800 Torr for experiments in Ar. The inlet pressure to a 300 K continuous flow reactor is about 100 Torr and increases linearly to 200 Torr with a reactor temperature of 1200 K. Estimates of the pressure and temperature profiles of the gas within the reactor based on computational fluid dynamics are shown in Figure 1 .
In addition to the temperature and pressure profiles, another important reactor operating condition is the residence time in the heated portion. The longer the residence time, the more possibilities there are for radical-radical reactions and radical addition or abstraction reactions with the precursors under investigation, which greatly complicates the analysis of the desired unimolecular processes. One way to assess the possibility of bimolecular reactions is based on collisions.
Considering the single particle collisional frequency: where N i is the number of species i per unit volume, σ i is the collision cross-section, k B is the Boltzmann constant (1.38 × 10 −23 J K −1 ), T is the temperature and m i is the mass of species i.
The pressure, P i can be related via the Ideal Gas Law as P i = N i k B T . Therefore with an intermediate temperature (T ) and pressure (P) of 1200 K and 200 Torr (26.7 kPa), the collisional frequency in the reactor (Z ii ) is on the order of 1000 collisions µs −1 (assuming σ = 0.4 nm 2 and m i = 0.04 kg mol −1 ). Incorporating a dilution of 0.01% (a partial pressure of 0.02 Torr) and a residence time of 50−100 µs, a rough estimate of the collisions between potentially reactive species is on the order of 5−10 collisions. Reactions that occur at the gas kinetic rate could be influential at these conditions, but most rates will be at least an order of magnitude lower and therefore will not be significant compared to the unimolecular reaction scheme of interest. Decreasing the residence time in the reactor is not a viable way to avoid bimolecular reactions, because it is essentially a fixed experimental parameter due to limited pumping capabilities, so instead this task is accomplished 6 through dilution. In general, the product distributions may differ slightly between the different carrier gases and flow conditions because of variations in the pressure/temperature time-history (as thoroughly discussed in Guan et al. 9 ); however, the products themselves remain consistent.
Dissolved water was removed from the methoxyfuran sample (Aldrich, ≥ 97%) with anhydrous MgSO 4 and the dried sample was degassed using a liquid nitrogen freeze-pump-thaw cycle prior to preparing gaseous mixtures in helium or argon. The reactant mixtures for the pulsed experiments ranged from 0.03%−0.1% in He or Ar carrier gas. The reactant mixtures prepared for the experiments in a continuous flow reactor are between 0.0025−0.01% methoxyfuran in helium, about an order of magnitude lower than those for pulsed experiments, due to a longer effective residence time in this style reactor compared to the pulsed reactor (more detailed descriptions of the reactor assemblies are described in Refs. 11 and 12).
Photoionization Time-of-Flight Mass Spectrometry
Two types of photoionization mass spectrometry (PIMS) experiments are reported here with more detailed descriptions of these diagnostic techniques reported elsewhere. 11, 13 Briefly, one set of experiments is operated with pulsed flow through a heated SiC reactor and pyrolysis products ionized by fixed wavelength (λ 0 = 118.2 nm, 10.487 eV) vacuum ultraviolet (VUV). Ions are detected with a microchannel plate and the spectra collected with a digital oscilloscope, averaging 1000 individual mass spectra per reported spectrum. Another set of PIMS spectra are collected at the Chemical Dynamics Beamline (9.0.2) of Lawrence Berkeley National Laboratory's Advanced Light Source (ALS) using a reactor operated with continuous flow and pyrolysis products ionized by tunable VUV in the range of 7.85 to 15.5 eV. The spectra from these experiments are a composite of 100,000 to 500,000 individual mass spectra at each photon energy. Photoionization efficiency (PIE) curves for a given mass were obtained by plotting the summation of the background corrected ion signal in an appropriate mass range versus the selected photon energy, normalized by the photon flux measured by an SXUV photodiode with a NIST calibrated energy-dependent efficiency. Due to unreliable measurements during the present study, the PIE curves reported here were corrected using photodiode measurements from a set of experiments on the same end-station recorded one month prior. In addition, a thicker Type-K thermocouple (chromel-alumel, diameter 0.01 in) was used for one set of continuous flow experiments at the ALS; the potential impacts of these measurements are addressed in the text.
Matrix Isolation Infrared Absorption Spectroscopy
Infrared spectroscopy in an argon matrix is also used as a complement to the PIMS, providing structural information for the pyrolysis products and differentiating thermal products of identical mass. The molecular beam formed at the reactor exit is aimed at a cold infrared transparent window and the products, now trapped in frozen argon, are detected by FT-IR spectroscopy. The vibrational spectra are measured using a commercial infrared spectrometer equipped with a liquid N 2 cooled mercury/cadmium/telluride detector (MCT/A, 4,000−600 cm −1 ). A background scan was taken approximately 1 to 2 hours prior to the sample scan; all reported spectra averaged 500 scans at 0.25 cm −1 resolution.
Computational Methods
Quantum Chemical Calculations
The application Gaussian-09 was employed to compute the geometries, harmonic frequencies and energetics of all species, including transition states, reported in this study. 14 The majority of the calculations used the model chemistry CBS-QB3 since this composite method 15 was used previ-8 ously to determine the potential energy diagram for the thermal decomposition of the 2-furanyloxy radical. 3 Additional results were obtained with the density functional M06-2X 16 and the basis set 6-311++G(d,p). Specified transition states were connected to specific reactants and products via intrinsic reaction coordinate calculations. 17 The adiabatic ionization energies (see Table 1 ) were computed by a number of composite methods including CBS-QB3, G3 18 and CBS-APNO. 19 For the title compound in its lowest energy conformation, with the methyl group cis to the carboncarbon double bond in the ring, 5 
Reactor Modeling
In order to make quantitative measurements of the chemical reactions that occur within the microreactor a detailed understanding of the flow fields inside the reactor is required. The small size of the reactor makes it difficult to insert sampling probes or gain optical access, and therefore the thermodynamic conditions within the reactor were simulated using computational fluid dynamics. 9 The flow was determined by solving the two-dimensional axisymmetric Navier-Stokes equations in addition to the heat equation to account for the heat transfer from the reactor walls. The defined boundary conditions, measured experimentally, include the temperature of the reactor's outer wall, the mass flow rate and the inlet pressure to the reactor. Through simulation it was found that an important operating condition is to maximize the pressure drop within the reactor in order to maintain a continuum flow (which can be modeled by Navier-Stokes relations) and ensure that the flow chokes (i.e. the local flow velocity reaches the local speed of sound) to produce an underexpanded supersonic jet downstream, an important characteristic for molecular studies (see for example Anderson et al. 42 ). The important results obtained from these simulations are the temperature and pressure profiles of the internal gas as a function of external wall temperature, with the centerline 
Results and Discussion
There are three main topics of methoxyfuran pyrolysis discussed here. First, is a description of the unimolecular reaction scheme and the primary products that account for the majority of observed decomposition. This is followed by an in-depth analysis of several observed bimolecular products; we postulate several routes to production of these species, including reactions with unreacted methoxyfuran or radical-radical reactions. Finally, the discussion concludes with a quantitative analysis of methoxyfuran consumption, including quantification of important intermediates, bimolecular routes and a comparison with kinetic mechanism predictions.
Unimolecular Decomposition Mechanism
The computational study of Simmie et al. 3 predicted that the dominant pathway for thermal decomposition of 2-methoxyfuran was loss of CH 3 to produce the allylic lactone 2-furanyloxy radical (m/z 83) as shown in Scheme 2. From here, the furanyloxy radical can ring open via a β -scission of the ring O1−C2 bond to a formyl ketenyl radical, 4-oxo-but-3-enal-2-yl, and eliminate CO to give a formyl vinyl radical, prop-1-ene-1-yl-3-one. The fate of the formyl vinyl radical, 44 Since the ionization energies of carbon monoxide 27 and acetylene 46 are beyond the range of the laser at 10.487 eV (see Table 1 ), the presence of acetylene from pyrolysis of a 0.04% mixture of 2-methoxyfuran in argon is demonstrated in Figure 3 by detection of the IR fundamentals ν 3 (HC≡CH) at 3287 cm −1 , its associated Darling-Dennison resonance at 3301 cm −1 , and ν 5 (HC≡CH) at 737 cm −1 in an Ar matrix. 47 Carbon monoxide as a thermal product can be difficult to detect because there is always a small background when the SiC reactor is heated (due to reaction with trace amounts of O 2 ), however the main absorptions at 2139 cm −1 and 2091 cm −1 for CO and 13 CO, respectively, are observed from pyrolysis of methoxyfuran. 48 and acetylene. 49 eV for 2-furanyloxy radical and 2-methoxyfuran, respectively. The ion signal at m/z 83 begins to grow in at 8.1 eV, although 0.1 eV lower than predicted, it is about 0.4 eV above the predicted ionization threshold for any of the formyl ketenyl radical, O=C=CH-CH-CHO, conformations (see Table 1 ) suggesting that the lifetime of this intermediate is too short to be detected at the exit of the microreactor.
A set of photoionization efficiency curves at m/z 55 are shown in Figure 6 . No ion signal at mass 55 is observed until above 10 eV at elevated temperatures, indicating the formyl vinyl radical in Scheme 2 (or acryloyl radical as in Table 1) is not a stable intermediate and its lifetime is too short to be detected under the conditions in the reactor. Based on the predicted ionization energies shown in Table 1 , any species at m/z 55 should ionize well below 10 eV if formed as a stable thermal product.
The presence of the 2-furanyloxy radical as a stable intermediate was also identified by IR spectroscopy in an Ar matrix, as shown in Figure 7 . From the electronic structure calculations, the intense feature at 1733 cm −1 is assigned as ν 4 (C=O stretch of 2-furanyloxy radical). The location of the carbonyl stretch is consistent given the structure of this allylic lactone. The C−O bond in furanyloxy has been calculated to be shorter than a typical C−O single bond and closer to a typical C=O bond. 3, 6 Other vibrational assignments in Figure 7 include ν 8 , ν 13 , and ν 18 . There are also features at 1709 cm −1 and 1749 cm −1 (see Figure 10 ) that are also tentatively assigned to ν 4 of 2-furanyloxy. An IR study of 2(5H)-furanone in an Ar matrix 50 reports that the carbonyl 
Bimolecular Reactions in Methoxyfuran Pyrolysis
Although the pyrolysis experiments presented here are performed at very dilute conditions, the potential for minor secondary products resulting from reactions of H atoms and CH 3 radicals with 2-methoxyfuran should also be considered. Scheme 2 predicts that for every molecule of 2-methoxyfuran that decomposes, one H-atom and one CH 3 radical are produced. Both of these radicals are very reactive and it is possible that they might abstract a hydrogen or add to the ring of unreacted methoxyfuran. In addition, the 2-furanyloxy radical (O-C 4 H 3 O) is also a persistent radical, and possible species resulting from bimolecular reactions of this species are also considered. to this study are addition reactions with hydrogen atom. The rate constants from 600−1400 K of these possible routes are summarized in Figure 8 and have been used to speculate plausible bimolecular routes; a summary of the bimolecular rate constants are also included in Table 2 . A few important aspects to note about these rate constants: at 1000 K H-atom addition reactions are two orders of magnitude faster than the fastest CH 3 addition reaction at C5 on the methoxyfuran ring (see Scheme 1 for ring position notations). Also, the rate constant for methyl addition at C3
or C4 is another order of magnitude lower than addition at C5.
In a related thermal decomposition study of furan (see Ref. 12) , it was found that under similar operating conditions hydrogen-atom radical addition reactions could be avoided at a dilution of 0.01% furan in He. On the other hand, when thermally cracking methoxyfuran, H-atoms and CH 3 radicals were formed at lower temperatures and at faster time scales within the reactor, so it was found that a dilution of about 0.0025% methoxyfuran in He was required to ensure negligible secondary product formation in the continuous flow reactor. As discussed in Experimental Methods, the residence time in the reactor is essentially a fixed experimental parameter and decreasing the time spent in the reactor cannot necessarily be a viable option for reducing bimolecular reactions; instead this task is best accomplished through dilution.
In addition to the primary unimolecular products, there are several species that grow in as the reactant concentration is increased. Figure 9 is an expanded view of the mass spectra from Figure 4 , including two more elevated temperatures. These spectra show that new ions at m/z 56, 68, 70 and 84 appear and persist even after all methoxyfuran has been consumed.
Addition Reactions of H and CH 3
An assortment of possible products resulting from H or CH 3 additions to unreacted methoxyfuran are shown in Schemes 3 and 4, respectively. In addition to the predicted rate constants of these reactions in Figure 8 , the combination of infrared spectroscopy and photoionization efficiency curves aid in the identification of the relevant reaction channels. Figure 10 compares the carbonyl region of the infrared spectrum of a dilute mixture (0.04%) of methoxyfuran in Ar, thin black line, to a more concentrated mixture (0.1%), red line. Products Figure 9 : Thermal products at m/z 56, 68, 70 and 84 assigned to bimolecular chemistry. Dissociative ionization of 2-methoxyfuran to m/z 83 is observed at 300 K and 10.35 eV; the feature extending from m/z 86 to 88 is also the result of dissociative ionization and is an artifact of the reflectron time-of-flight operation.
detected from the 0.1% mixture at 1100 K include formaldehyde, methyl vinyl ketone (MVK or CH 3 CO-CH=CH 2 ), and the unsaturated aldehydes acrolein (CH 2 =CH-CHO) and crotonaldehyde (CH 3 CH=CH-CHO), while only formaldehyde and acrolein are detected as secondary products from the dilute mixture at 1000 K. Figure 11 expands on the 1100 K spectrum in the region 1720−1695 cm −1 , identifying MVK, acrolein and crotonaldehyde by comparison to authentic samples in an Ar matrix. The reactor was heated during part of the acrolein/Ar deposition in order to induce isomerization to the less thermodynamically stable cis conformation (similar to the approach used by Blom et al. 51 ). The growth of split peaks at 1714 and 1715 cm −1 are assigned to cis-CH 2 =CH-CHO, 52 while trans-CH 2 =CH-CHO absorbs at 1708 cm −1 . The lone unlabeled feature in Figure 11 at 1709 cm −1 is likely the satellite peak of the furanyloxy radical (ν 4 ), as it Scheme 3: Hydrogen-atom addition reactions to 2-methoxyfuran and possible resulting products. Calculated reaction barrier heights for select decomposition routes also indicated.
is present in both the dilute and concentrated product spectra. A tabulated summary of vibrational frequencies is presented in the Supporting Information.
When compared to the concentrated mixture in Figure 10 , the only secondary product species detected from pyrolysis of the dilute mixture are CH 2 =CH-CHO and CH 2 =O. Both of these species can result from H-atom addition reactions to the ring, as shown in Scheme 3.1 and 3.5 for formaldehyde and Schemes 3.2 through 3.4 for acrolein. As shown in the PIMS spectra in Figure 9 Table 1 , 5-methyl-2(5H)-furanone, formed by addition of CH 3 at C5 on methoxyfuran, has an ionization threshold just above 10 eV. 36 If the intermediate was the result of CH 3 addition at C3, as in Scheme 4.2, the predicted ionization threshold for this methylated 2(3H)-furanone is 1 eV lower in energy.
The methyl vinyl ketone that appears in trace amounts in the IR spectrum of Figure 11 is likely due to decomposition of the methylated 5-methyl-2(5H)-furanone. There are a few possible decomposition routes for this species that could result in the formation of methyl vinyl ketone.
Recent electronic structure calculations indicate 57 that the lowest-energy decomposition route of 5-methyl-2(5H)-furanone is ring opening to 1-pentene-1,4-dione, as shown in Scheme 4.5. The furanone could also decompose through an addition-elimination reaction with H-atom, converting the 2(5H) intermediate to 5-methyl-2(3H)-furanone (α-angelica lactone), which has been shown to eliminate CO and produce MVK either through a concerted reaction 56, 58 or through an openchain pentene-dione intermediate. 57 A similar addition-elimination reaction was suggested 36 to be a favorable route to interconvert the un-methylated furanones, 2(3H)-and 2(5H)-furanone. A more complete account on the experimentally measured decomposition patterns of the furanones and methylated furanones is reported elsewhere. 56 Finally, the absence of PIMS signals at m/z 82 excludes CH 3 addition to 2-methoxyfuran at the C2 position. Indeed the rate constant for this reaction at 1000 K is two times slower than methyl addition at C5. Exclusion of reaction at the C2 position therefore excludes reactions at C3 or C4
as they are predicted to be another order of magnitude slower.
Reactions with 2-Furanyloxy Radical
Both the PIE(m/z 83) and the vibrational signatures in the IR demonstrate that 2-furanyloxy radical (m/z 83) is a persistent radical. Consequently, products resulting from reactions of H-atoms or CH 3 radicals with this species must also be considered. Several possible chemical outcomes of these reactions are shown in Scheme 5.
Concerted elimination of 3-methyl-2(3H)-furanone to crotonaldehyde and CO, shown in Scheme 5.1, is a likely decomposition route. Scheme 4 also predicts formation of crotonaldehyde by CH 3 addition at C3 or C4 on 2-methoxyfuran; however, the calculated rate constants in Figure 8 indicate CH 3 addition at C3 of methoxyfuran is slower than addition at C2; since no methylfuran at m/z 82 is observed in Figure 9 resulting from a C2 addition, we conclude reactions slower than this can be excluded. Therefore it is likely CH 3 radical reactions with 2-furanyloxy in Scheme 5.1 are the source of crotonaldehyde observed in both the infrared ( Figure 11 ) and photoionization efficiency of m/z 70 (bottom half of Figure 12 ).
Scheme 5: Possible products resulting from reaction of H and CH 3 with 2-furanyloxy radical, including calculated reaction barriers. 36 Refer to Scheme 4.5 and Scheme 3.4 for structure of ringopened intermediates (see Refs. 36, 57, 58 and 56 for more detailed theoretical predictions and experimental observations of several lactones).
Abstraction Reactions
The most favorable position for hydrogen atom abstraction by methyl or H-atom is from the methyl substituent group (on C7 as shown in Scheme 1), where the kinetics of H-atom abstraction by methyl is over an order of magnitude more favorable than at any ring hydrogen. 3 Upon abstraction, Scheme 6 suggests that the resultant aryloxy(methyl) radical, 5,59 m/z 97, can isomerize via a Mulcahy rearrangement 60,61 to furfural, m/z 96. PIMS spectra in Figure 9 shows no signals at m/z 96 or 97 for methoxyfuran diluted in He.
Based on the minimal evidence for furfural we conclude that abstraction reactions are unlikely under the operating conditions in the microreactor. Calculated rates of hydrogen abstraction by methyl are consistent with these results indicating that abstraction reactions only become compet-28 Scheme 6: Abstraction reaction scheme and calculated reaction barriers.
itive with CH 3 addition reactions at much higher temperatures 3 than those reported here.
Kinetics of Methoxyfuran Decomposition Kinetic Mechanism
The simple methoxyfuran mechanism developed by Simmie et al. 3 is expanded upon in this work to include pressure-dependent reaction rates for the first two decomposition steps, thermodynamic parameters for individual species, in addition to rate constants for bimolecular reactions involving the parent and reactions of 2-furanyloxy radical with methyl radical and hydrogen atom. RiceRamsperger-Kassel-Marcus theory and Master Equation (RRKM/ME) analyses 62 of the thermally activated unimolecular reactions 1 and 2, shown in Table 2 , were carried out using the ChemRate application. 63 The parameters for the computation of pressure dependence were chosen in accordance to those outlined in previous work of a not dissimilar system. 64 The updated mechanism, shown in Table 2 , includes 27 species and 24 reactions. The notations for addition reactions are the intermediates formed when CH 3 or H adds to the methoxyfuran ring at the specified position (i.e. CH 3 -C5 is the intermediate formed when CH 3 adds to methoxyfuran at the C5 position). At this time, no rate constants for the conversion of these bimolecular intermediates to final products are included in the mechanism. Thermodynamic parameters for species unique to methoxyfuran were calculated for the present work and the remainder were compiled from several kinetic mechanisms. 65, 66 The reactor was simulated as a plug flow reactor using the calculated temperature and pressure conditions in Figure 1 . 69 while the remainder were estimated. 70 Refer to the Supporting Information for the complete kinetic mechanism.
Consumption of 2-Methoxyfuran
Similar to the conversion measurements of Bruinsma et al., 2 the conversion of 2-methoxyfuran in a continuous flow of He at several reactor wall temperatures and reactant concentrations was measured and is summarized in Figure 14 . The experimental results are also compared to predictions using the kinetic mechanism in Table 2 .
The extent of methoxyfuran consumption was determined by comparison of the photoion sig- Table 2 .
were determined by CFD. The %-conversion plotted in Figure 14 is average based on centerline temperature and the temperature a distance half way between centerline and the reactor wall. It was found that doubling the reactant concentration to 0.01% increases the conversion at a given temperature by approximately one percent. The dashed red lines are the result of doubling the Afactor for all pressure-dependent terms of Reaction 1 in Table 2 , while the solid lines uses the rate parameters as written. In addition, a fully reactive CFD simulation was performed which included only limited reactions (1−4 and 7 in Table 2 , all k ∞ ) to ensure a converged solution; these results
are plotted as open circles.
As shown in Figure 14 most experimental data points follow the same s-shaped curve as the predictions but in general are larger. One major issue that needs to be addressed with this type 32 of measurement is accurately quantifying the ion signal when comparing over a range of temperatures. As the temperature of the fluid increases both the radial and axial velocity components of the molecular beam also increase. It is possible that some signal is lost due to a higher radial velocity component at elevated temperatures, and therefore the conversion would be overestimated when compared to the ion signal of a room temperature scan. Preliminary measurement on this effect are discussed in Ref. 56 , indicating that a careful calibration or use of an appropriate internal standard is required for measurements of this sort in the future.
Quantification of 2-Furanyloxy Radical and Bimolecular Products
As shown in Scheme 2 the thermal decomposition of 2-methoxyfuran is initiated by cleavage of the O−CH 3 bond to form CH 3 and 2-furanyloxy radicals. Evidence in the IR and PIE(m/z 83)
demonstrates the lifetime of 2-furanyloxy is long enough to survive the hot reactor and therefore it is valuable to quantify the amount of this unreacted radical present at a given temperature; this information is also useful to interpret the likelihood of radical-radical reactions.
With little experimental evidence for the formyl ketenyl (O=C=CH-CH-CHO) and formyl vinyl (CH=CH-CHO) radicals, here we assume all 2-furanyloxy decomposes to form the stable products CO, HCCH and H-atom. One way to quantify the radical pool of 2-furanyloxy is then to measure the loss of methoxyfuran compared to a room temperature scan while also monitoring the formation of the closed-shell products (HCCH or CO):
Since it is difficult to measure the absolute concentration of a species, as described in detail in
Ref. 12 , use of Eq. (2) to estimate the concentration 2-furanyloxy is not desirable. Instead, a more straightforward approach is to compute the number density ratio of two molecular species using a formulation of the Beer-Lambert law for photoionization. This method was previously implemented in the measurement of product ratios for the thermal decomposition of furan 12 and the 33 metastable cyclopentadienone. 71 A similar method can be applied to methoxyfuran decomposition in an effort to quantify how much of the furanyloxy radical intermediate is present at a given temperature. Since the photoionization cross-section of this radical has not yet been measured, quantifying the observed ion signal must be accomplished in an indirect manner; one method is to measure the ratio of HCCH to CH 3 :
and then assume, with some obvious uncertainty due to possible bimolecular reactions, that the remaining fraction is in the form of 2-furanyloxy. In order to cancel the photon-flux term, both measurements were made at the same photon energy, to estimate the ratio of acetylene to methyl radical:
where σ i (E) is the reported photoionization cross-section, S + i is the observed ion signal at a given photon energy and √ m i is the mass discrimination factor. The resulting measured ratio of HCCH to CH 3 for a 0.005% mixture of methoxyfuran in helium at 950 K is 0.88 ± 0.27 and is summarized in Table 3 . At 11.0 eV the absolute photoionization cross-section of methyl radical was reported to be σ CH 3 (11.0 eV) = 6 ± 1.8 Mb. 48 The large uncertainty in the methyl cross-section (a relative uncertainty of 30% at 11 eV) is the dominant contributor to the uncertainty limits for the individual measurements of the methyl to acetylene ratio. Another measurement of the photoionization crosssection of methyl radical by Gans et al. 72 reports similar values and uncertainties to those measured by Taatjes et al. 48 The remaining fraction of 12% at 950 K is then assumed to be in the form of the radical intermediate 2-furanyloxy. Results from the pressure-dependent plug flow reactor simulations using the kinetic mechanism in Table 2 (with the reactor exterior wall held at 950 K and an initial reactant concentration of 0.005% methoxyfuran in He) predict that the ratio of 2-furanyloxy to methyl radical at the exit to the reactor is 16% when Reaction 1 is as documented in Table 2 . When the A-factor of Reaction 1 is doubled (as in Figure 14) , the predicted ratio of these radicals drops to 12%, which agrees very well with experimental observations. A final quantified measurement is the amount of bimolecular chemistry observed at different experimental conditions. The two most abundant secondary products detected by both PIMS and infrared spectroscopy are acrolein (CH 2 =CH-CHO) and crotonaldehyde (CH 3 -CH=CH-CHO).
The amount of these species are estimated in the same manner as described above for the ratio of acetylene to methyl radical in Eq. (4). In general, the formation of secondary products observed is small, approximately 1−3% depending on the reactant concentration. The measured ratio of acrolein (m/z 56) to methyl radical at 950 K is 1.3 ± 0.6% and 1.5 ± 0.7% for mixtures of 0.005% and 0.01% methoxyfuran in He, respectively. Observations of crotonaldehyde relative to methyl are similar at 950 K, with ratios of 0.7 ± 0.4% and 1.9 ± 0.9% for mixtures of 0.005% and 0.01% methoxyfuran in He, respectively. For the purpose of this calculation the ion signal at m/z 70 is assumed to be entirely crotonaldehyde and the ratios calculated using the appropriate photoionization cross-section of both species. 49, 54 Simulations using the kinetic mechanism in Table 2 show that the amount of intermediates that could produce the final product species acrolein and crotonaldehyde, amount to about 2.5% and 0.001% relative to methyl radical, respectively. The mechanism accurately accounts for the amount of acrolein observed, but under predicts formation of CH 3 radical chemistry by about two orders 35 of magnitude compared to experimental observations. This suggests reactions with 2-furanyloxy are likely faster than the model predicts.
In general, the total formation of secondary products is small, accounting for about 3% of total methoxyfuran decomposition at the conditions studied with the remainder of decomposition following the unimolecular reaction in Scheme 2. Predictions using the kinetic model confirm the formation of intermediates from CH 3 or H addition reactions and reactions with 2-furanyloxy at the temperatures and residence times in the microreactor. Moreover, they offer a valid explanation for the species observed that are not included in the unimolecular reaction scheme.
Conclusions
The unimolecular thermal decomposition scheme of 2-methoxyfuran predicted computationally by Simmie et al. 3 is confirmed experimentally in a microreactor operated at 300−1300 K, pres- Finally, for the first time the allylic lactone, 2-furanyloxy radical, was identified experimentally and characterized by PIMS and IR spectroscopy. The carbonyl stretch (ν 4 ) and several other infrared vibrational bands were assigned in an Ar matrix in addition to the ionization threshold and photoionization efficiency curve. Infrared and mass spectral evidence suggests that the life-time of this radical is long enough to react with other radicals and contribute to the observation of secondary products. The apparent stability of this radical, at least in the pressure and temperature regimes examined, could have potential implications for the combustion of other structurally similar furanic fuels.
